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Summary
In insects, increasing evidence suggests that small se-
creted pheromone binding proteins (PBPs) and odor-
ant binding proteins (OBPs) are important for normal
olfactory detection of airborne pheromones and odor-
ants far from their source [1–7]. In contrast, it is un-
known whether extracellular ligand binding proteins
participate in perception of less volatile chemicals, in-
cluding many pheromones, that are detected by direct
contact with chemosensory organs. CheB42a, a small
Drosophila melanogaster protein unrelated to known
PBPs or OBPs, is expressed and likely secreted in
only a small subset of gustatory sensilla on males’
front legs, the site of gustatory perception of contact
pheromones [8]. Here we show that CheB42a is ex-
pressed specifically in the sheath cells surrounding
the taste neurons expressingGr68a [9], a putative gus-
tatory pheromone receptor for female cuticular hydro-
carbons that stimulate male courtship [10]. Surpris-
ingly, however, CheB42a mutant males attempt to
copulate with females earlier and more frequently
than control males. Furthermore, CheB42a mutant
males also attempt to copulate more frequently with
other males that secrete female-specific cuticular hy-
drocarbon pheromones, but not with females lacking
cuticular hydrocarbons. Together, these data indicate
that CheB42a is required for a normal gustatory re-
sponse to female cuticular hydrocarbon pheromones
that modulate male courtship.
Results and Discussion
CheB42a Is Expressed Specifically in the Sheath
Cells that Surround Gustatory Neurons Implicated
in Response to Cuticular Hydrocarbon Pheromones
The elaborate courtship ritual performed by Drosophila
melanogaster males [11] presents an ideal opportunity
for studying the genetic determinants of chemosensory
function because this ritual has been extensively docu-
mented, is readily quantified, and is modulated by both
olfactory and gustatory pheromones [9, 10, 12–16]. Male
front legs were identified as the likely site for gustatory
perception of pheromones because they have more
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versity of California, Irvine, California 92697.taste hairs than their female counterparts and include
taste neurons with characteristic contralateral projec-
tion patterns not found in females [17]. In a molecular
screen for genes that are expressed specifically in the
front legs of males, we identified a previously unde-
scribed gene,CheB42a. CheB42a codes for a small pro-
tein expressed and likely secreted specifically by non-
neuronal cells associated with a small subset of taste
hairs on the front legs of males [8]. Furthermore, al-
though CheB42a is not obviously similar to any known
protein, it is related to eleven other CheB genes encoded
by the Drosophila genome; several of these genes are
also expressed in sexually dimorphic patterns on ap-
pendages with high concentrations of chemosensory
hairs. These observations suggested that CheB42a
and other CheB genes are involved in sex-specific che-
mosensory perception, perhaps of pheromones. Subse-
quently, Gr68a, a member of the family of gustatory re-
ceptor genes, was also shown to be expressed in
a subset of taste hairs on the front legs of males [9]. Ex-
citingly, both inactivation of Gr68a-expressing neurons
by targeted expression of neurotoxins and knockdown
of the Gr68a mRNA result in a decreased male response
to female courtship-activating contact pheromones,
suggesting that Gr68a-expressing gustatory neurons
detect these pheromones and that Gr68a is a phero-
mone receptor.
What is the relationship between the subsets of
CheB42a-expressing [8] and Gr68a-expressing [9] gus-
tatory sensilla on male front legs? To answer this ques-
tion, we used expression of the GFP (Green Fluorescent
Protein) reporter protein under indirect control of the
regulatory region of each gene through the Gal4/UAS
system [18]. We compared animals that express GFP
from a UAS-GFP transgene in the presence of (1)
CheB42a-Gal4 [8], (2) Gr68a-Gal4 [9], or (3) both Gal4
drivers (Figure 1 and Table 1). Gustatory sensilla can be
distinguished from mechanosensory sensilla by their
curved shaft, the absence of a bract at their bases
(Figure 1A), and their stereotypic positions on the tibia
and on the five tarsal segments of a male’s front legs
[17, 19, 20]. For males of all three genotypes, GFP
expression is associated with ten distinct gustatory
sensilla on the tibia and first, second, third, and fourth
tarsal segments of the front legs of males, but never on
the fifth tarsal segment (Figures 1B and 1C). Further-
more, if the two Gal4 drivers resulted in GFP expression
in overlapping but nonidentical sets of hairs, there would
be fewer GFP-positive sensilla in at least one type of an-
imal containing a single driver, relative to those possess-
ing both drivers. For males of all three genotypes, we find
that, as previously reported for Gr68a-Gal4 [9], not all
animals express GFP in all ten sensilla (Table 1). The
small difference between the average numbers of GFP-
expressing sensilla in animals of each of the three geno-
types may therefore result from the slightly greater
variability we have observed in GFP expression in the
presence of CheB42a-Gal4 than in the presence of
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1155Figure 1. CheB42a and Gr68a Are Expressed
in the Same Stereotypic Subset of Gustatory
Sensilla on the Front Legs of Males
(A) GFP expression placed under indirect
control of upstream CheB42a regulatory se-
quences via theGal4/UAS system was visual-
ized (green arrow) as described [8]. The cell
bodies of both neurons and support cells
that contribute to a gustatory sensillum are
located proximal to the hair base (farther
away from the tip of the hair) and beneath
the cuticle [21] (see Figure 2A). Gustatory
sensilla (arrowheads) are identified by their
curved shaft, whereas mechanosensory sen-
silla (small arrows) have a straight shaft and
a bract at their base.
(B) Representative left front legs of males car-
rying, in addition to two copies of a UAS-GFP
reporter transgene, one or both Gal4 driver
transgenes, as indicated. For each leg, GFP
fluorescence was superimposed on a bright-field image to allow orientation relative to morphological landmarks. Faithful reproduction of endog-
enous CheB42a expression with this CheB42a-Gal4 transgene was previously demonstrated by direct comparison with anti-CheB42a immuno-
staining [8]. Less directly, the reduced male response to female hydrocarbon pheromones as a result of Gr68a-Gal4-driven expression of either
neurotoxins or double-stranded Gr68a RNA validates the use of Gr68a-Gal4-driven expression of GFP to identify the functional expression sites
of the endogenous Gr68a gene [9].
(C) Schematic view of the surface of a male left front leg showing the position of 29 gustatory sensilla [17, 19, 20]. When the fly is at rest, the
surface of the tarsus shown is directed toward the anterior of the fly, whereas the surface of the tibia shown is as seen from the side of the
fly. GFP-expressing sensilla are indicated by green circles. TSn, tarsal segment n.Gr68a-Gal4. More significantly, the maximum number of
GFP-expressing sensilla on each tarsal segment is the
same for animals of all three genotypes. Together, these
data suggest that Gr68a and CheB42a are coexpressed
in the same subset of gustatory sensilla on male front
legs.
Gustatory sensilla on the legs of Drosophila are com-
plex structures that include four gustatory neurons, one
mechanosensory neuron, and three types of highly dif-
ferentiated non-neuronal cells: hair or trichogen cells,
socket or tormogen cells, and sheath or thecogen cells
(Figure 2A) [21]. The membranes of sheath cells wrap
around the cell bodies of neurons and are in turn sur-
rounded by the membranes of hair and socket cells in
an onion-like concentric pattern. Furthermore, the cell
bodies of sheath cells and neurons are found deeper un-
der the cuticle relative to those of the other two types of
non-neuronal cells. Previous observations have shown
that whereas Gr68a is expressed in gustatory neurons
[9], CheB42a expression is restricted to non-neuronal
cells of gustatory sensilla [8]. To further characterize
the cells that express the CheB42a protein, we double
labeled frozen sections of male front legs by usinga CheB42a antibody [8] and the 22C10 monoclonal anti-
body, which recognizes a membrane-associated, neu-
ronal-specific antigen [22] (Figure 2B). Although the
two signals do not overlap, confirming that CheB42a-ex-
pressing cells are indeed not neurons, CheB42a is al-
ways found in close proximity to the neurons of gusta-
tory sensilla. Furthermore, CheB42a often appears in
a donut-like pattern that surrounds the 22C10-positive
neuronal membranes. Direct comparison of CheB42a
distribution with that of GFP expressed under control
of the Gr68a promoter leads to similar conclusions
(Figure 2C). The highest level of staining with each anti-
body is found in two clearly distinct but neighboring cell
bodies. Here also, CheB42a signal sometimes appears
to surround the cell body of the GFP-expressing cell,
suggesting that CheB42a-expressing non-neuronal
cells are in close contact with, and partially surround,
Gr68a-expressing neurons. To determine which of the
three types of non-neuronal cells expresses CheB42a,
we compared its distribution to that of another chemo-
sensory protein, PBPRP2 [21, 23, 24]. PBPRP2 is an in-
sect OBP family member that is expressed not only in ol-
factory appendages but also in many gustatory sensilla,Table 1. Similar Numbers of GFP-Positive Taste Hairs in Flies Expressing GFP under Control of the Promoters for CheB42a, Gr68a, or Both
Simultaneously Suggest the Two Genes Are Expressed in the Same Subset of Taste Hairs
Gr68a-Gal4 Gr68a-Gal4 + CheB42a-Gal4 CheB42a-Gal4
Average 6 SE Max Average 6 SE Max Average 6 SE Max
Tibia 1 6 0.07 1 (90%) 0.7 6 0.07 1 (73%) 0.7 6 0.07 1 (70%)
TS1 1 6 0.07 2 (70%) 1.7 6 0.08 2 (67%) 1.35 6 0.08 2 (35%)
TS2 2.6 6 0.08 3 (62%) 2.4 6 0.1 3 (55%) 1.85 6 0.2 3 (27%)
TS3 1.6 6 0.08 2 (58%) 1.7 6 0.07 2 (72%) 1.15 6 0.09 2 (22%)
TS4 1.4 6 0.08 2 (40%) 1.4 6 0.08 2 (90%) 1.2 6 0.08 2 (17%)
TS5 0 0 0 0
The average (6 SE, standard error of the mean) and maximum numbers of gustatory sensilla associated with a GFP-expressing cell or group of
cells is indicated for each segment of the male front leg for each of three genotypes containing, in addition to the Gal4 drivers indicated, two
copies of UAS-GFP. In parentheses next to the maximum number of GFP-positive sensilla is the percentage of legs in which that number
was observed. n = 20 pairs of legs for each genotype.
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(A) Cartoon of a gustatory sensillum of male front legs that expresses CheB42a, PBPRP2, and Gr68a. Gustatory hairs on the legs of Drosophila
have two fluid-filled cavities [21]. The inner lumen is the site of the earliest steps in gustatory-signal transduction because it contains the den-
drites of gustatory neurons and communicates with the external environment through a terminal pore. Gr68a, a putative pheromone receptor, is
expressed in at least some of the gustatory neurons within this subset of hairs [9], and CheB42a is expressed in the thecogen or sheath cells that
surround Gr68a-expressing neurons (see below). Finally, PBPRP2 is expressed in trichogen and tormogen cells and secreted into the external
lumen of the hair [21]. For simplicity, the mechanosensory neuron and two of the four gustatory neurons are not shown.
(B) CheB42a is expressed in non-neuronal cells that envelop gustatory neurons. Frozen sections of male front legs were stained with anti-
CheB42a (green, first panel) [8] and 22C10, a monoclonal antibody against a neuronal-specific surface marker (red, right panel) [22]. The two
fluorescent signals are digitally superimposed in the central panel.
(C) The gustatory neurons that express Gr68a, a putative pheromone receptor [9], are immediately adjacent to CheB42a-expressing cells and
partially surrounded by their membranes. Increasing contrast and saturating signal in the cell body allowed visualization of the weaker CheB42a
signal that surrounds theGr68a-expressing neurons. CheB42a (green) and GFP were immunologically detected in animals that express GFP un-
der control of Gr68a-Gal4.
(D) Expression of CheB42a and PBPRP2 within the same gustatory sensilla occurs in different non-neuronal cells. In this image, the tip of the leg
(distal) is at the top. Immunological detection of CheB42a and GFP was performed as in (C), in animals in which GFP is expressed under control of
the pbprp2 promoter [21]. Immunohistochemical methods to detect specific proteins in frozen sections of male front legs were as described for
CheB42a [8] as well as PBPRP2 and GFP [24].including most, if not all, gustatory sensilla on the legs.
Moreover, within taste hairs of the legs, PBPRP2 is ex-
pressed only in two types of non-neuronal cells: tricho-
gen and internal tormogen cells, and is absent from neu-
rons, external tormogen cells, and sheath cells [20].
Comparison of CheB42a expression to the distribution
of GFP driven by a pbprp2-Gal4 driver [24] shows that
the two proteins are expressed in adjacent but non-
overlapping cells (Figure 2D). Furthermore, PBPRP2-
expressing cells are distal (closer to the tip of the leg)
and nearer the cuticle (data not shown) relative to the
CheB42a signal. Taken together, these results suggest
that CheB42a is specifically expressed by the sheath
cells that tightly surround the gustatory neurons that ex-
press Gr68a and likely detect female pheromones.
CheB42a Modulates the Effect of Female Cuticular
Hydrocarbons on Male Courtship Behavior
Drosophila male courtship behavior involves an ordered
series of simple behaviors: The male orients toward thefemale, taps her with his forelegs, generates a species-
specific courtship song by vibrating one of its wings,
licks the female’s genitalia, and attempts to copulate
[11]. Both initiation of courtship behavior and progres-
sion to the late steps in this behavioral series involve
perception of pheromones by gustatory organs, olfac-
tory organs, or both [9, 12–16]. The close association be-
tween cells expressing CheB42a and Gr68a-expressing
neurons suggests that CheB42a may also be required
for a gustatory response to contact pheromones that
modulate male courtship behavior. In a study of the
neighboring ppk25 gene, we have recently reported
that D5-68, a CheB42a deletion that we will henceforth
refer to as CheB42aD5-68, does not affect the total time
homozygous mutant males spend courting females
[13]. Furthermore,CheB42aD5-68 has no effect on several
other behaviors unrelated to courtship; such behaviors
include preening, walking, geotaxis, and gustatory re-
sponse to sugars. Surprisingly, however, in a detailed
analysis of the individual behavioral steps involved in
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1157Figure 3. Female-Specific Cuticular Hydrocarbons Trigger Earlier and More Frequent Copulation Attempts from CheB42a Mutant Males
(A) The response of males tow1118 virgin females was compared for control males (black bars), males homozygous forCheB42aD5-68 (white bars),
andCheB42aD5-68 homozygous males that carry Tg2, a transgenic construct that encodesCheB42a but no other protein-coding gene (gray bars)
[13]. An asterisk indicates p < 0.0000007; double asterisks indicate p < 0.002.
(B) A single copy of alternative transgenes is the only genetic difference between the two types of males tested in this experiment; both are het-
erozygous for CheB42aD5-68 and D5-22, another deletion of the locus that removes not only CheB42a but also the neighboring ppk25 gene [13].
Control males (black bars) carry Tg1 [13], a transgene that encodes bothCheB42a and ppk25, whereas the transgene present in test males (white
bars) is identical to Tg1, except for a point mutation that changes the initiating ATG of CheB42a to ATA and results in the absence of detectable
CheB42a protein (data not shown). An asterisk indicates p < 0.02; double asterisks indicate p < 0.002.
(C) The responses of CheB42aD5-68 and control males toward heat-shocked ‘‘hs-traF’’ females that carry the hs-Gal4 and UAS-traF transgenes
and lack cuticular hydrocarbons [25] or, as controls, genetically identical, non-heat-shocked hs-traF female siblings were measured. An asterisk
indicates p < 0.006; double asterisks indicate p < 0.008.
(D) ‘‘Oeno-traF’’ males that carry the oenocyte-Gal4 and UAS-traF transgenes and display female-specific hydrocarbon pheromones on their
cuticles [26] were used as sexual objects for CheB42aD5-68 and control males. An asterisk indicates p < 0.00038; double asterisks indicate
p < 0.00067.
For all panels, analysis of courtship behavior was as described previously [13], with the following modifications. Males of each genotype were
placed in the presence of intact (not decapitated) sexual objects, and each couple’s behavior was videotaped under normal overhead lights for
10 min. Blind analysis of each individual step in the courtship sequence was performed with Lifesong X (0.75) [32]. p values were derived by
ANOVA.male courtship behavior, we have since found that
males homozygous for CheB42aD5-68 display a specific
increase in the last step in this sequence: attempted
copulation (Figure 3A). CheB42aD5-68 mutant males per-
form an average of eight attempted copulations in a 10
min observation period, whereas control males perform
only three (Figure 3A, left panel). This increased number
results from a faster progression from initiation of court-
ship behavior to the first attempted copulation (Fig-
ure 3A, right panel), as well as more frequent subsequent
attempts (data not shown). In contrast, CheB42aD5-68
mutant males are not different from controls in the timing
or frequency of earlier steps in the courtship sequence
(lag to courtship initiation, tracking and following of the
female, tapping, and wing vibration; [13] and data not
shown). Introduction of a transgene encoding CheB42a
and 3.5 kb of upstream DNA with all known regulatorysequences [8, 13], but no other identified gene, com-
pletely reverses the effect of CheB42aD5-68 on both the
accelerated progression to attempted copulation and
its increased frequency, suggesting that both effects
result from loss of CheB42a (Figure 3A). To confirm that
the CheB42a gene is responsible for this phenotype,
we compared males of two other genotypes that lack
the endogenous CheB42a gene but carry one of two dif-
ferent transgenes (Figure 3B). The first transgene carries
a genomic fragment that includes bothCheB42a and the
neighboring ppk25 gene [13]. The second transgene is
identical to the first except for a mutation in the ATG co-
don for CheB42a’s initiator methionine that prevents its
translation (data not shown). Here also, we find that
lack ofCheB42a in a male doubles the number of attemp-
ted copulations as a result of an approximately 2-fold
faster progression from initiation of courtship to the
Current Biology
1158first attempted copulation (Figure 3B), along with more
frequent subsequent copulation attempts (data not
shown). Together, these data suggest that CheB42a is
required for the gustatory response to pheromones
that modulate the male courtship response.
What are the pheromones involved in CheB42a-medi-
ated inhibition of attempted copulation? Abundant, low-
volatility, cuticular hydrocarbons are the only phero-
mones known to modulate the courtship behavior of
Drosophila melanogaster males [10]. Male courtship is
stimulated by 7,11-(Z,Z) heptacosadiene and inhibited
by 7-(Z) tricosene, the main hydrocarbons on the cuticle
of females and males, respectively. However, females
almost completely lacking cuticular hydrocarbons as
a result of a pulse of traF (transformerF) overexpression
in the first few hours after eclosion are still actively
courted by males, suggesting the existence of other,
as yet unidentified stimulating female pheromones
[25]. We therefore used such females as sexual objects
to test whether CheB42a is required for detection of the
major hydrocarbons on the female cuticle (Figure 3C
and data not shown). In contrast to their different re-
sponses to wild-type females, CheB42a and control
males attempt to copulate with such heat-shocked hs-
traF females with indistinguishable frequency and kinet-
ics, suggesting that the behavioral effect of CheB42a
depends on the presence of the major female cuticular
hydrocarbons. In the same experiment, mutant males
display earlier and more frequent copulation attempts
toward genetically identical control hs-traF females
that have not been heat-shocked, confirming our previ-
ous findings.
In an independent and complementary test of the in-
volvement of CheB42a in detection of female cuticular
hydrocarbons, we examined the response of CheB42a
mutant males and controls toward males whose oeno-
cytes have been feminized and thus produce female-
specific cuticular hydrocarbons, in response to targeted
expression of traF [26] (Figure 3D). As expected, such
partially transformed males trigger significant courtship
responses both from controls andCheB42amales. How-
ever, here again, mutant males outperform controls
specifically in the kinetics and frequency of attempted
copulations. Together, these data suggest thatCheB42a
is required for normal gustatory response to female
cuticular hydrocarbon pheromones that modulate male
behavior.
What is the mechanism of CheB42a function?
CheB42a and all other CheBs contain a predicted signal
peptide at their amino terminus, suggesting that they
may be secreted [8]. Furthermore, the thecogen cells
that express CheB42a secrete proteins into the internal
cavity of the taste hair, within which pheromone mole-
cules come in contact with the dendritic membranes of
gustatory neurons [21]. CheB42a may therefore be se-
creted into the aqueous medium that fills the internal
hair cavity and interact directly with pheromones, gusta-
tory pheromone receptors, or both.
CheB42a may facilitate, or even be required for, the
activation of a gustatory receptor by a cuticular hydro-
carbon that delays attempted copulation, similar to the
requirement for the LUSH OBP [5] and two moth PBPs
[3, 4] for the action potentials observed in olfactory neu-
rons in response to volatile pheromones. Alternatively,CheB42a may reduce the effect of cuticular hydrocar-
bons that stimulate male courtship behavior. The latter
model is supported by the expression of CheB42a in
the same subset of taste hairs that house Gr68a-ex-
pressing taste neurons, which are required for response
to stimulatory female pheromones and whose inactiva-
tion results in a much-reduced frequency of late steps
but an increased frequency of early steps in the court-
ship sequence [9]. Gustatory perception of the same
pheromones that induce males to progress from early
to late courtship steps may therefore be mediated by
Gr68a-expressing gustatory neurons and be inhibited
by CheB42a. For example, CheB42a may contribute to
the removal or inactivation of pheromone molecules in
the inner hair lumen; this removal or inactivation must
take place to allow monitoring of changing pheromone
concentrations in the external environment as a function
of time [6].
More generally, what could be the adaptive value of
a protein that delays a male’s attempts to copulate?
Slower progression through the courtship sequence as
a result of CheB42a modulation of pheromone percep-
tion, or through the action of other genes [27] or neural
circuits [28], may contribute to a male’s ability to target
its mating efforts toward an appropriate partner. Indeed,
chemosensory perception of cuticular hydrocarbons in
Drosophila plays a critical role in a male’s ability to iden-
tify a sexual partner of the appropriate species and sex
and even allows discrimination between virgin and
mated females [10].
This work indicates that CheB42a is required for a nor-
mal gustatory response to contact female cuticular hy-
drocarbon pheromones that modulate male courtship
behavior and suggests that other CheBs expressed in
sexually dimorphic patterns on appendages enriched
in chemosensory organs [8] may also modulate phero-
mone perception. Given the importance of contact pher-
omones in vertebrates [29, 30], it will be of great interest
to determine whether secreted putative ligand binding
proteins expressed specifically in the main vertebrate
pheromone-sensing organ, the vomeronasal organ [31],
play similar roles.
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